Chronic critical illness (CCI) is syndrome of neuromuscular weakness, brain dysfunction, malnutrition, endocrinopathies, and symptom distress. Two conceptual themes may be useful in discussing CCI. The first is a clinical roadmap in which a patient suffers an acute critical illness, survives the initial insult, but yet is unable to be liberated from the ventilator. The second framework considers the effect of systemic inflammation and CCI, linking acute CCI risk factors with the common clinical features of CCI. Given the association between common CCI antecedents and inflammation, attempts to control and balance the pro-inflammatory and anti-inflammatory mediators should begin as early as possible and continue throughout the ICU stay. Since surrogate measures such as biomarkers often fail to predict the effect of interventions, the focus should be on the outcomes patients experience. As of now, providing evidence-based, high quality ICU management of patients at risk for CCI appears to be the best strategy of care.
Introduction
Chronic critical illness (CCI) is an important clinical phenomenon that all critical care and respiratory therapists recognize. CCI is a relatively common clinical entity and will continue to increase in incidence during the coming decade. Part of the expansion of the numbers of CCI patients is likely driven by patient preferences, surrogate decision maker input, societal expectations, and providerfamily communication. However, the population is aging and more susceptible to critical illness with greater age. It is worth considering what factors may predispose patients to slower recovery or death in the context of critical illness.
There is evidence that the host systemic inflammatory response may mediate the course of critical illness, possibly contributing to the development of CCI. This review will review these data and highlight potential targets for future interventions designed to address this chronic inflammation.
What Drives the Inflammatory Response in CCI?
There are 2 conceptual models that may be useful in discussing CCI. The first is a clinical roadmap in which a patient suffers an acute critical illness, survives the initial insult, yet is unable to be liberated from life support (Fig. 1) . In the past, much research has been focused on case definitions of CCI, the short-and long-term outcomes of these patients, and their resource utilization. 1,2 It was not clear, however, what factors were most important in CCI patients' failure to recover in a timely fashion to the point where mechanical ventilation was no longer required.
During the past decade, a number of important studies have highlighted the potential mediating effect of illness severity, type, as well as management on critical care outcomes. Low tidal volume ventilation, daily awakenings from sedation, glucose control strategies, targeted use of corticosteroids, early goal directed therapy for sepsis, and early mobilization of critically ill patients have all demonstrated some effect on both mortality and morbidity. When subsequent research on the mechanisms of some of these interventions was done, there was often evidence of a differential host inflammatory response between intervention and control. For example, patients receiving lower tidal volumes have comparatively lower concentrations of interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-␣) in their bronchoalveolar lavage fluid than those receiving higher tidal volumes. 3 Corticosteroids can augment anti-inflammatory responses in critical illness in some patients, though there are complicated and conflicting proinflammatory profiles induced. 4 Although there are few studies that have focused specifically on CCI and the inflammatory response, generalizations and hypotheses might be useful to consider. A second helpful conceptual framework for considering the effect of systemic inflammation and CCI is the linkage of acute CCI precipitants with common clinical features of CCI (Fig. 2) . One can see that acute critical illnesses such as acute lung injury, sepsis, and trauma may lead to CCI. These acute processes may be mediated by risk factors such as age, sex, illness severity and type, and management styles (eg, low tidal volumes in acute lung injury). However, the host inflammatory response-adequate or inadequate, pro-inflammatory versus anti-inflammatorymay moderate the transformation of an acute critical illness into a chronic condition. These inflammatory responses therefore could directly be related to the acquisition of ICU-related weakness, brain dysfunction, malnutrition, and other hallmark descriptors of CCI. Although this framework is conceptual only, it may be helpful for the respiratory therapist when considering intervention targets designed to mitigate the antecedents, symptoms, and signs of CCI.
Clinical Features of Chronic Critical Illness and Their Relationship to Systemic Inflammation
CCI is commonly characterized by stereotypical phenotype of tracheotomy placement and the requirement for prolonged mechanical ventilation, typically after at least 10 days of ventilation or more. Rather than categorization by a single procedure, perhaps a more accurate view of CCI relevant to future intervention planning is that of a syndrome of neuromuscular weakness, brain dysfunction, malnutrition, endocrinopathies, and symptom distress. 2 Although these manifestations of CCI are themselves interrelated in a complex fashion, the example of neuromuscular dysfunction (ie, ICU-acquired weakness) will be used later as an example of how systemic inflammation can lead to CCI.
Inflammation, Inflammatory Markers, and CCI
Common CCI antecedents including sepsis and acute lung injury have well characterized host immune system responses as well as both mediators and markers of systemic inflammation. Pro-inflammatory mediators in these conditions include TNF-␣, IL-1 and IL-6, prostaglandins, leukotrienes, bradykinins, platelet-activating factor, proteases, oxidants, and nitric oxide. 3, 5 These mediators may lead to multisystem organ dysfunction and death when unchecked by anti-inflammatory mechanisms and mediators, including IL-4 and IL-10. Although past hypotheses have suggested an imbalance in pro-and anti-inflammatory cytokines or an overly exuberant cytokine-regulated, illness-associated immunosuppression that affects sepsis outcomes, in reality there is no clear "normal" response. General patterns that may be expected include an initial hyperinflammatory state, followed by a return to normal cytokine levels-though a return that may include a hypoinflammatory period. 6 
Inflammation Seen in Precipitants of CCI May Lead to Its Hallmark Features
Returning to the example of ICU-acquired weakness, it is useful to consider the example of septic shock in the development of CCI (Fig. 3) . First, sepsis is strongly associated with weakness in ICU patients. Among patients mechanically ventilated for a week or more, 50 -75% have neurophysiologic testing abnormalities, 7, 8 and nearly all with septic shock have abnormalities on muscle biopsy, electromyography, and nerve conduction studies. 9 -11 Second, muscle weakness is also associated with both survival 9 and prolonged mechanical ventilation. 12, 13 This muscle weakness is often profound and affects both peripheral muscles as well as the diaphragm itself, which appears to undergo muscle atrophy and contractile dysfunction as soon as after 18 hours of inactivity. 14, 15 Third, the inflammatory response has direct effect on muscles and nerves in the setting of serious illness. 16 Critical illness myopathy is known to be associated with sodium channel abnormalities, mitochondrial dysfunction, glutathione depletion, and nitric oxide production. 17 The proteolysis seen in critical illness myopathy is related to ubiquitins, calpains, and both lysosomal and non-lysosomal systems, themselves modulated in part by pro-inflammatory pathways. 18 -21 Critical illness associated polyneuropathy is associated with an increase in E-selectin in the epineurium and endoneurium, mediated by TNF-␣ and IL-1. 22 This can lead to tissue injury and greater cytokine activation through endothelial cell leukocyte adhesion and increase in the number of activated leukocytes present in the endoneurium. 23 Cytokine activation can also increase neurovascular permeability, thus allowing neurotoxins to enter and damage the nerve tissue itself. 24 
Systemic Inflammation and Inflammatory Markers: Diagnostic and Prognostic Relevance
Given this association between common CCI antecedents and inflammation, it is worthwhile to consider how the inflammatory response can be measured and these data used to diagnose, provide prognosis, and monitor therapy. Clinical markers of systemic inflammation such as temperature, respiratory rate, blood pressure, white-blood-cell count, and platelet count are simple to measure, but are non-specific. Indirect markers of inflammation such as platelet count, itself closely related to processes such as sepsis, are nonetheless compelling since they are a component of the ProVent mortality prediction model for prolonged mechanical ventilation, a highly accurate statistical tool. 25, 26 However, the best known and most widely available serum clinical markers of systemic inflammation include C-reactive protein (CRP) and procalcitonin. Although CRP and procalcitonin levels are themselves correlated in the setting of critical illness, 27 they have different performance characteristics when used for diagnosis, response to therapy, and prognosis.
For diagnosis, CRP has demonstrated mixed findings. In the setting of sepsis, CRP has been shown to correlate with illness severity 28, 29 in some populations, though not in others. 27, 30 In populations with community-acquired pneumonia, CRP has also shown limited ability to predict illness severity. 31 In general, the prognostic capability of CRP levels has been poor among seriously ill patients, owing to its low to moderate specificity, ranging from 40 -85%. 30, 32, 33 CRP monitoring fares better in assessing the response to therapy in populations including patients who have pancreatitis or who have sepsis. 34 Also, CRP changes over time have been found to be associated with postoperative survival. 35, 36 Based on the current data, at this time the additional benefit of using CRP in a clinical setting is unclear.
Procalcitonin too has a mixed history in the setting of serious illness. In 2007, Tang et al reported the results of a systematic review and meta-analysis of procalcitonin gathered from 18 relevant studies. 37 These investigators found that the sensitivity of procalcitonin for the diagnosis of sepsis was low (71%), as was the area under the receiver operator characteristic curve (0.78). Since that time, others have reported somewhat better diagnostic accuracy for procalcitonin and sepsis. 38 In lower-respiratory-tract infections, procalcitonin monitoring did not improve outcomes but reduced total antibiotic exposure. 39 However, in other studies the benefits of procalcitonin-guided antibiotic strategies have been questioned. 40 Longitudinal changes in procalcitonin may be associated with survival in septic shock and in the critically ill in general, though questions remain about the discriminatory strength of these assessments. 27, 41 However, the observations of Kellum and colleagues have illuminated the importance of temporal context with regard to inflammatory marker monitoring. In a cohort of 1,886 patients with severe sepsis and community-acquired pneumonia, these researchers found that inflammatory cytokines were highest at presentation in the emergency department and remained elevated beyond resolution of infection, while systemic inflammation was not uniformly observed. 42 They also found that there was no increase in inflammation seen after the onset of organ dysfunction. Importantly, elevated inflammatory markers, including IL-6 and TNF-␣, as well as anti-inflammatory markers such as IL-10, were seen commonly among both survivors and non-survivors.
What Are Potential Targets for Intervention?
Given the complexity, redundancy, and overlapping nature of the human innate immune system and the inflammatory response to critical illness, it is difficult to extend the data reviewed above to either explain CCI or direct its specific therapy. It appears that targeting specific single pro-inflammatory cytokines is not likely to be a successful strategy in this setting. 5 However, recent work suggests that focusing on more general targets, such as in the case of oxidative stressors, may hold promise. 43 But what is likely to be true in CCI is that attention must be given to modifying its risk factors, intervening early, and continuing therapy throughout the course of critical illness (Fig. 4) .
Perhaps the most effective contemporary treatment pathway for clinicians who manage the critically ill can again be viewed in the example of ICU-acquired weakness, a risk factor for CCI. As described by Schweickert and Hall, anticipatory management, including risk factor modification for those likely to develop prolonged mechanical ventilation, is the best current management strategy. 44 Complementary management strategies such as daily interrup-tion of sedatives, ventilation strategies that limit tidal volumes, and the use of spontaneous breathing trials can reduce the length of ventilation, promote recovery, and may reduce complications of prolonged critical illness such as muscle weakness. However, evolving interventions that seek to address weakness such as the early mobilization of patients are not only intuitive, but are supported by a substantial body of literature demonstrating that inactivity promotes inflammation and oxidative stressors that in turn worsen organ function. 45 Mobilization of the critically ill patient can reduce circulating levels of pro-inflammatory cytokines. 46 Overall, however, our current level of understanding of this clinical problem's diagnosis, prognosis, and treatment is informed by the associated inflammatory profile but is not substantially improved by the monitoring of systemic inflammation.
Summary
Chronic critical illness can be conceptualized as a clinical syndrome that may be moderated in part by systemic inflammation and the balance of pro-and anti-inflammatory mediators. Although neither the specific monitoring of the inflammatory process nor the targeting of specific inflammatory cytokines has shown unquestioned benefit, these practices may hold promise as targets for future research. The current medical literature suggests that inflammatory-mediator-based interventions should take into account CCI risk factors, be administered early in the course of critical illness, and be continued through the duration of ICU care. As of now, providing evidence-based, high quality ICU management of patients at risk for CCI appears to be the best strategy of care. The emphasis should remain focused on the outcomes patients experience, because surrogate measures such as biomarkers often fail to predict the effect of interventions. 47 Fig . 4 . Future template for chronic critical illness (CCI) therapy. Future research may be best applied to manage risk factors for prolonged life support early in the course of critical illness, continuing therapy beyond the first few days of critical care.
Discussion
MacIntyre: The mechanisms underlying chronic critical illness are still a morass to me. I think that's the state of the art. It's a very challenging field.
White:
The area of repair continues to evolve. There is some work now beginning in this area to do with progenitor endothelial cells that need to be mobilized from the bone marrow. We know that low platelets, for instance, is one of the predictors of poor outcome in some patients with CCI. What is that telling us about the role of the hematological system and recovery? The other area that is going to be of interest is mitochondrial function, and the ability to turn back on mitochondrial function after it's been shut down by septic shock is going to be important.
Cox:
We have a number of colleagues at Duke who work in mitochondrial science who've been telling us this for some time, and I agree, it seems like a particularly promising area. In sepsis the mitochondria are literally exploding, which is clearly problematic for the musculature. The data in this area are so strong that we will certainly be seeing more about it in the future. Cox: That is a challenging, complicated question. Steroids can affect so many physiological pathways in both good ways and bad ways. Let me start by attempting to summarize what seems to work in the context of critical care: we're not sure! It seems that it's really unclear that there is a role for steroids in some of the most common illnesses that are also precipitants of CCI such as sepsis, acute lung injury, and pneumonia. A counter-argument would be that we haven't identified a true signal of benefit, mainly because we don't understand the subgroups of disease phenotypes. So I think we don't have persuasive data that demonstrates broad clinical benefit for steroids in critical illness or the prevention of CCI. Certainly, I am very concerned with the myopathy that could result from steroids, which might then increase the risk of CCI development, but that is my bias.
Muldoon

Girard:
Regarding Sean Muldoon's question about the inflammatory process in sepsis and how it might inform us regarding inflammation in CCI as well as what Shannon Carson mentioned-which was that we may need to develop other ways of identifying patients with CCI in terms of biomarkers and so forth-made me realize that even though sepsis has been studied for about 30 years and we have a pretty good grasp of what happens in terms of inflammation in sepsis, we still use a very imperfect, clinical based definition to identify sepsis. We still don't have a biomarker to identify sepsis, as we do to identify myocardial infarction, for example. Can we develop a panel of biomarkers to identify CCI?
Cox: It would be nice, I think we all agree, to augment our prognostic capability with biological data.
Carson: I don't think we're going to come up with a magic biomarker of CCI. We have seen patients presenting with an acute inflammatory process pneumonia, and some were more severe than others, and often inflammation improved as the patients improved. However, some of those patients did not improve. They developed severe pneumonia or severe ARDS, and the ARDS was slow to recover and they became CCI. So what was the pattern of the inflammatory mediators in those patients? And did that pattern differ substantially from those who did recover quickly? It's an open question.
Alex White is on to something important in that these patients are different phenotypically, and therefore something biological is going on. If we could just find the right biomarkers, we might get an array of things that are different about these patients than those who recover and those who go on to CCI.
Nelson:
Before his talk, I commented to Chris Cox that he had the hardest assignment in the room. I think he did a yeoman's job. Some interesting concepts have been proposed over the years, like "immunological exhaustion" after prolonged critical illness, but there hasn't been any research on this in the context of CCI, and much remains to be studied, even in the area of acute critical illness. The greatest challenge in caring for the chronically critically ill is the recurrent infections, to which these patients eventually succumb. The question really is, why hasn't there been enough research to help us address this challenge?
As a group, we need to think a lot about that, and ways to promote the research. I think it's an extremely high priority, both in acute and chronic critical illness. Until that happens, we're going to be struggling, but for now we can at least try to identify the questions and lobby for support to find some of the answers.
MacIntyre: I'm going to put on a slightly different hat. I'm in the COPD Gene project, and they're getting right to the very issue of the genetic factors in COPD phenotypes. Specifically, in COPD, why is it that only 40% of people who pump noxious substances into their lungs develop chronic inflammation and the other 60% do not? There's got to be something fundamental in the genetic structure of smokers without COPD that produces a defense system that works really well. Genomics goes to the very fundamental structure of how cells behave. I think studying the inflammatory mediators is just scratching the surface.
Mechanick:
The way that I'm putting this together in my mind is that we have this tension where it's difficult to attribute one or two biomarkers or cytokines to identify disease through any process of risk stratification. At the same time, we have a subjective fear of complexity. I would offer the following reconciliation of those points.
First of all, if you take a disease like Graves disease, a natural disease, you have a single marker: TSH [thyroid-stimulating hormone] receptor antibodies. So we can differentiate natural diseases from iatrogenesis. I think CCI is not a natural disease; rather, it is an iatrogenic disease. So, instead of looking at a component biology single gene marker, what we really need to look at is a systems biology genomic or transcriptonomic state. Since this process is iatrogenic and not natural * Sean R Muldoon MD MPH, Kindred Healthcare, Hospital Division, Louisville, Kentucky.
per se, there's no Darwinian precedent: this state has not resulted from natural selection.
Once you do the biocomputational analysis of that very complex state, you may see emerging motifs and patterns with appropriate biomarkers around which you can design interventions. So, rather than looking at complexity philosophically as something we do not understand or subjectively fear, we should embrace it as a computational marker of the state of the patient at, say, day 23 in the ICU. This is not a natural condition: you're not going to find a single cytokine or a cadre of 7 cytokines that give a good predictive model with clean data.
White: I am not sure CCI is completely iatrogenic.
Mechanick: There would be no CCI state if there were no intervention for the acute critical illness state; the patient would have died without that intervention and never reached CCI, so CCI is indeed an iatrogenic state.
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